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In cell culture systems, the TCF Elk-1 represents a convergence point for extracellular signal-related kinase
(ERK) and c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) subclasses of mitogen-
activated protein kinase (MAPK) cascades. Its phosphorylation strongly potentiates its ability to activate
transcription of the c-fos promoter through a ternary complex assembled on the c-fos serum response element.
In rat brain postmitotic neurons, Elk-1 is strongly expressed (V. Sgambato, P. Vanhoutte, C. Pages, M. Rogard,
R. A. Hipskind, M. J. Besson, and J. Caboche, J. Neurosci. 18:214-226, 1998). However, its physiological role
in these postmitotic neurons remains to be established. To investigate biochemically the signaling pathways
targeting Elk-1 and c-fos in mature neurons, we used a semi-in vivo system composed of brain slices stimulated
with the excitatory neurotransmitter glutamate. Glutamate treatment leads to a robust, progressive activation
of the ERK and JNK/SAPK MAPK cascades. This corresponds kinetically to a significant increase in Ser***-
phosphorylated Elk-1 and the appearance of c-fos mRNA. Glutamate also causes increased levels of Ser'**-
phosphorylated cyclic AMP-responsive element-binding protein (CREB) but only transiently relative to Elk-1
and c-fos. ERK and Elk-1 phosphorylation are blocked by the MAPK kinase inhibitor PD98059, indicating the
primary role of the ERK cascade in mediating glutamate signaling to Elk-1 in the rat striatum in vivo.
Glutamate-mediated CREB phosphorylation is also inhibited by PD98059 treatment. Interestingly, KN62,
which interferes with calcium-calmodulin kinase (CaM-K) activity, leads to a reduction of glutamate-induced
ERK activation and of CREB phosphorylation. These data indicate that ERK functions as a common compo-
nent in two signaling pathways (ERK/Elk-1 and ERK/?/CREB) converging on the c-fos promoter in postmitotic

neuronal cells and that CaM-Ks act as positive regulators of these pathways.

In many cell types, extracellular stimuli, such as serum,
growth factors, phorbol esters, neurotransmitters, cytokines,
Ca?", UV light, and redox agents, regulate critical cellular
events, such as growth, differentiation and apoptosis through
activation of protein kinase cascades. Many of these stimuli
trigger mitogen-activated protein kinase (MAPK) cascades
through initial activation of their receptor-associated tyrosine
kinases and subsequent phosphorylation of other intracellular
substrates. In mammalian cells, three MAPK cascades, which
regulate the activity of the extracellular signal-regulated kinase
(ERK) subclass, the closely related c-Jun N-terminal kinase/
stress-activated protein kinase (JNK/SAPK), and p38 MAPKs
are characterized at present (for a review, see reference 85).
These cascades are activated by different extracellular signals,
principally mitogens for ERKs (7) and various stress stimuli for
JNK/SAPK and p38 MAPKs (9, 62). One of the common
intracellular responses to MAPK activation is alteration of
gene expression, since many MAPK substrates are transcrip-
tion factors (for a review, see reference 84).

In the brain, excitatory neurotransmission elevates the cal-
cium concentration in neuronal cells and activates the tran-
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scription of immediate-early (IE) genes, including c-fos (26, 30,
73). The c-fos promoter contains several regulatory elements
that are important for its transcriptional response to calcium
(for a review, see reference 31). These include the cyclic AMP
(cAMP)/Ca** -responsive element (Ca/CRE) and the serum
response element (SRE), which are located approximately 60
nucleotides (CRE) and 310 nucleotides (SRE) 5’ of the initi-
ation site of c-fos mRNA synthesis. The CRE is bound consti-
tutively by members of the CREB/ATF family of bZIP tran-
scription factors. CREB activation in response to increased
intracellular levels of cAMP or Ca** involves the inducible
phosphorylation of Ser'** by cAMP-dependent kinases (pro-
tein kinase A) or by calcium/calmodulin kinases (CaM-Ks) (13,
74,75). The c-fos SRE, together with flanking DNA sequences,
serves as the site of assembly of multiprotein complexes that
include a dimer of serum response factor (SRF) (58, 68, 81)
and ternary complex factor (TCF) (72; reviewed in reference
82 and 83). The TCF subgroup of the ETS protein family
contains at least three members: Elk-1, SAP1, and SAP2/ERP/
Net (12, 32, 37, 51, 64). One signature motif of the TCF
proteins is a 20-amino-acid sequence which mediates protein-
protein interaction with the SRF protein (76) and thus pro-
motes TCF binding to the c-fos SRE. Although SRF is phos-
phorylated upon growth factor stimulation (66), no evidence
directly links this phosphorylation to c-fos transcription. In
contrast, phosphorylation of the TCFs by MAPKSs increases
the level of ternary complexes formed in vitro together with
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SRF on the SRE and potentiates TCF-driven activation of
c-fos transcription (27-29, 36, 38, 39, 44, 45, 52, 63, 86, 87, 93).

Although TCF/EIk-1 is strongly expressed in the adult cen-
tral nervous system (CNS) (32, 73) and this expression is ex-
clusively neuronal (71), its physiological role in these postmi-
totic cells remains to be established. To investigate this, we
developed an in vivo model system of sustained electrical stim-
ulation of glutamatergic cortical afferents. In this model, we
found a strong correlation between ERK activation, Elk-1
phosphorylation, and IE gene induction in the projection field
of the stimulated cortical area, the striatum (71). Here we set
out to biochemically characterize these observations. We have
exploited a model system involving c-fos induction by gluta-
mate treatment of striatal slices, which allowed us to readily
analyze the kinetics of Elk-1 phosphorylation relative to those
of CREB and to trace intracellular signaling pathways target-
ing these transcription factors. We show that glutamate gen-
erates strong phosphorylation of Elk-1 that appears progres-
sively in a strict correspondence with ERK and JNK activation.
Glutamate also causes phosphorylation of CREB but only
transiently relative to Elk-1. Interestingly, the complete inhi-
bition of ERK activity by PD98059 abolishes glutamate-in-
duced phosphorylation of both Elk-1 and CREB, as well as the
induction of c-Fos. Inhibition of CaM-K activity with KN62
also results in decreased phosphorylation of CREB indirectly
via the inhibition of ERK activity. This shows that ERK plays
a pivotal role in the control of calcium-induced c-fos expression
via the modules ERK/EIk-1 and ERK/?/CREB, which con-
verge on the c-fos promoter in the brain and that CaM-K is an
upstream regulator of this signaling network.

MATERIALS AND METHODS

Rat striatal slices. Rat striatal slices (300 wm thick) were prepared as previ-
ously described (65) from young adult male Sprague-Dawley rats (weighing 80 to
120 g) (Janvier, Saint Berthevir, France) with a Vibratome (Campden Instru-
ments, London, United Kingdom) (coordinates 2.2 anterior to bregma to 0.3
posterior to bregma according to the atlas of Paxinos and Watson [59]). The
slices were placed in superfusion chambers (two slices per chamber) and con-
tinuously superfused with Krebs-Ringer solution (11.1 mM glucose, 1.1 mM
MgCl,, 1 mM Na,HPO,, 1.3 mM CaCl,, 25 mM NaHCO;, 1.3 mM NaCl, 4.7
mM KCl) saturated with 95% O,-5% CO, at 37°C. Krebs superfusion was
applied for 60 min before pharmacological treatment to prevent initial neuronal
firing due to the slicing procedure. At the end of the experiment, striatal slices
were rapidly removed from superfusion chambers and immediately lysed in
solubilization buffer (10 mM Tris-Cl, 50 mM NaCl, 1% Triton X-100, 30 mM
sodium pyrophosphate, 50 mM NaF, 5 pM ZnCl,, 100 uM Na;VO,, 1 mM
dithiothreitol, 5 nM okadaic acid, 2.5 g of aprotinin, 2.5 pg of pepstatin, 0.5 pM
phenylmethylsulfonyl fluoride, 0.5 mM benzamidine, 2.5 wng of leupeptin).
Insoluble material was removed by centrifugation (13,000 X g for 20 min at
4°C), and samples were kept at —80°C.

Western blot analysis. Cell lysates (10 to 30 pg, depending on the protein
immunodetection) were separated by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (10% polyacrylamide) prior to electrophoretic transfer
onto polyvinylidene difluoride membrane (ICN Biochemicals). The blots were
blocked (1 h at room temperature) with 5% nonfat dry milk or 5% bovine serum
albumin (fraction V; Sigma) for the detection of nonphosphorylated and phos-
phorylated proteins, respectively. Then the blots were incubated (overnight at
4°C) with primary antibodies (see below). After being rinsed, the blots were
incubated for 2 h at room temperature with horseradish peroxidase-conjugated
goat anti-rabbit antibodies prior to exposure to the enhanced chemiluminescence
substrate. Antibodies directed against the phosphorylated form of the proteins
were applied, and the detection was processed as described above. Then the blots
were stripped with 0.1 M glycine-HCI (pH 2.8) twice for 20 min at 55°C followed
by saturation in 5% nonfat dry milk and incubated with the antibodies corre-
sponding to the nonactivated proteins as described above. The efficacy of the
stripping step was assessed by omitting the first antibody and verifying the lack of
signals on the blot. Digitized images of the immunoblots or autoradiograms were
used for densitometric measurements with an image analyzer (IMSTAR). Rel-
ative enzyme or transcription factor activation was determined by normalization
of the density of images from phosphorylated proteins with that of the total
inactive proteins on the same blot.

Antibodies. Commercially available antisera produced by immunizing rabbits
with synthetic dually specific antiphospho-Ser?!®-Ser?*> MAPK kinases 1 and 2
(MEK1/2) (New England Biolabs) (diluted 1:750), antiphospho-Thr'®*-Tyr!%
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FIG. 1. Glutamate-induced expression of c-Fos protein (A) and c-fos mRNA
(B) in striatal slices. (A) Striatal slices were superfused with Krebs buffer alone
(Cont) or in the presence of glutamate (100 wM) for 10 min (Glu 10"), 20 min
(Glu 20"), or 20 min followed by 5 min (Glu 20’ +5") or 10 min (Glu 20’ +10") of
Krebs buffer superfusion. At the end of the experiment, striatal slices were
immediately lysed and processed for extraction of proteins. c-Fos protein expres-
sion was analyzed at the various time points by Western blotting with a specific
anti c-Fos antibody. Fos protein is detectable at Glu20 and then increases at
Glu20+5 and Glu20+10. (B) Total RNAs were extracted from the same striatal
extracts (see Materials and Methods). c-fos and GAPDH mRNAs were detected
on the same Northern blot. While GAPDH hybridization signals remain identi-
cal, c-fos mRNAs are induced at Glu10 and Glu20 and then their levels decrease
slightly.

ERK2 (Promega) (diluted 1:2,500), or antiphospho-Thr'®3-Tyr!5 JNK (Pro-
mega) (diluted 1:3,000) or monospecific antiphospho-Ser'33-CREB (Upstate
Biotechnology Inc.) (diluted 1:750), antiphospho-Ser***-Elk-1 (New England
Biolabs) (diluted 1:200), or antiphospho-Thr?*°-CaMKII (Promega) (diluted
1:1,000) peptides were used. Rabbit polyclonal antisera raised against synthetic
peptides specific for MEK1/2 (New England Biolabs) (diluted 1:1,000), ERK2
(Santa Cruz) (diluted 1:4,000), JNK (New England Biolabs) (diluted 1:1,500),
CREB (New England Biolabs) (diluted 1:1,000) Elk-1 (Santa Cruz) (diluted
1:500), or c-Fos (residues 3 to 16 of human c-Fos [Santa Cruz]) (diluted 1:500)
were used to detect the inactive forms of the proteins.

RNA isolation and Northern blot analysis. RNA isolation from whole-cell
extracts was performed as previously described (39). Total RNA (10 pg per lane)
was loaded on formaldehyde-agarose gels and, after electrophoresis, blotted on
a nitrocellulose filter (Schleicher & Schuell, Amersham). These filters were then
processed as for the Northern transfer, which was described previously along
with the hybridization protocol (92). Briefly, the blot was prehybridized for 2 h
at 65°C in 10 ml of hybridization buffer (50% [vol/vol] deionized formamide, 5x
SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate] 5X Denhardt’s
solution, 0.1% SDS, 50 mM Na,HPO,-NaH,PO, [pH 6.8]) and hybridized for
18 h at 65°C in 10 ml of the same buffer by adding 107 cpm of radiolabeled
riboprobes. Hybridization against riboprobes corresponding to the fourth exon of
the human c-fos cDNA and the entire rat glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) ¢cDNA was performed simultaneously. After removal of the
hybridization solution, the blot was washed twice for 1 min in 0.2X SSC-1% SDS
at room temperature and once for 20 min in the same solution at 65°C. Hybrid-
ization signals were revealed after X-ray film exposure.

Kinase assays. The kinase activity of the B-Raf protein was determined as
previously described (61) with some modifications. Striatal extracts (400 pg of
proteins) were immunoprecipitated at 4°C with a specific B-Raf antiserum (IS11)
(5) for 3 h and then with Pansorbin (Calbiochem) for 1 h. Immune complexes
were washed three times with the lysis buffer and then once with the kinase
buffer. The final pellets were resuspended in 20 .l of kinase buffer and incubated
for 15 min at 30°C with 5 wCi of [y-*?P]ATP-50 uM ATP-0.5 g of recombinant
glutathione S-transferase-MAPK kinase 1 (MEK1). Incubation and separation of
proteins were performed as described above.
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FIG. 2. Kinetics of Ser®®® Elk-1 and Ser!3* CREB phosphorylation after glutamate application. The activation of Elk-1 and CREB was studied by Western blotting
from the same striatal extracts as those used for the experiment in Fig. 1. (A) Immunolabeling obtained with an anti-active Elk-1 antibody (antiphospho- Ser**3-Elk-1).
(B) Detection of Elk-1 proteins on the same blot after a stripping procedure. Note the marked increase of phosphorylated 62-kDa proteins after glutamate application
and the equal amount of Elk-1 proteins in all extracts. (C) Densitometric measurements of digitized images of autoradiograms were performed in four independent
experiments (representing 12 striatal slices for each time point). Relative Elk-1 activation was determined by normalization of the density of images from phosphor-
ylated Elk-1 to that of the total Elk-1 from parallel experiments in the same samples. (D) Immunolabeling obtained with an anti-active CREB antibody (antiphospho-
Ser!33_CREB). (E) Detection of CREB proteins on the same blot after a stripping procedure. Note the marked increase of phosphorylated 43-kDa proteins after
glutamate application and the equal amount of CREB proteins in all extracts. (F) Determination of relative CREB activation. This was performed as specified for panel
C. Statistical analysis: *, P < 0.05; **, P < 0.005 (unpaired Student’s ¢ test) when comparing Glu chambers with control chambers.

RESULTS

Glutamate superfusion leads to Fos induction in striatal
slices. We have shown (71) that the in vivo stimulation of
corticostriatal glutamatergic afferents leads to rapid changes in
IE gene expression in the rat striatum. To facilitate the bio-
chemical characterization of this gene induction, we set out to
establish experimental conditions reproducing this phenome-
non, namely, glutamate induction of the proto-oncogene fos in
striatal slices. To avoid nonspecific induction of fos linked to
slice preparation and osmotic and temperature stress, slices
were continuously superfused in chambers with oxygenated
Krebs buffer at 37°C for 60 min prior to and during glutamate
application. Of the various glutamate concentrations and ap-
plication times tested (data not shown), the following condi-
tions best reproduced the results obtained in vivo. Glutamate
(100 pM) was applied alone for 10 min (Glul0) and 20 min
(Glu20) or for 20 min followed by 5 min (Glu20+5) or 10 min
(Glu20+10) of Krebs buffer superfusion. Fos protein was first
detectable by Western blotting (Fig. 1A) in Glu20 chambers
and was then detected in increased amounts in Glu20+5 and
Glu20+10 chambers. Northern blot analysis of RNA isolated
from the same striatal extracts (Fig. 1B) showed an induction
of c-fos mRNA at Glul0 which was maintained at Glu20 and
then slightly decreased at Glu20+10. Thus, glutamate treat-
ment rapidly and strongly activated the c-fos gene in striatal
slices under our experimental conditions. This induction was
transient and occurred 10 to 15 min before c-Fos protein ex-
pression.

Kinetics of Elk-1 and CREB phosphorylation by glutamate
in striatal slices. The TCF-2SRF ternary complex assembled

on the c-fos SRE is important in transcriptional induction by
many signals. The TCF protein Elk-1 is strongly expressed in
the adult CNS, more particularly in striatal neurons (71).
Given its role as an important mediator of transcriptional
induction by intracellular signaling, we tested whether it is
activated by glutamate in our model. Phosphorylation of Elk-1
is associated with activated, SRE-dependent gene expression
(27-29, 36, 38, 39, 44, 45, 52, 63, 86, 87, 93). Multiple studies
have indicated that phosphorylation on serine 383, although
not sufficient for full transcriptional activation, is a prerequisite
for Elk-1 function (29, 42, 52). We tested the effect of 100 M
glutamate on the phosphorylation status of Elk-1 in the same
striatal extracts analyzed above for c-fos mRNA induction.
Western blots were incubated with an antibody that specifically
recognizes the Ser***-phosphorylated form of Elk-1 (antiphos-
pho-Ser***-Elk-1). Glutamate increased the phosphorylation
of Elk-1. This was first visible at Glul0 (Fig. 2A) and was
followed by a strong increase at later time points (Fig. 2A).
Western blots probed with a control Elk-1 antiserum revealed
that comparable levels of Elk-1 were present at each time point
(Fig. 2B). Figure 2C represents quantitation of four indepen-
dent experiments (representing 12 striatal slices for each time
point) and shows a significant increase in the phosphorylation
of Elk-1 at Glul0 relative to control striatal slices (+50%; P <
0.05, unpaired Student’s ¢ test). This effect increased to +260%
at Glu20+10 (P < 0.005, unpaired Student’s ¢ test). Thus, on
striatal slices, Elk-1 phosphorylation is regulated by glutamate
and reaches maximal levels after a sustained application of
glutamate followed by Krebs buffer superfusion.

Glutamate receptor stimulation leads to increases in intra-
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FIG. 3. ERK and JNK proteins are activated by glutamate. (A and C) The activation of ERK (A) and JNK (C) proteins was studied by Western blotting with specific
anti-active ERK and anti-active JNK antibodies, respectively. (B) Relative ERK activation was determined by normalization of the density of images from
phosphorylated ERK1 and ERK2 to that of total ERK1 and ERK2. (D) Relative JNK activation after normalization from phosphorylated JNK-p46 and JNK-p55 to
that of total INK-p46 and JNK-p55. Statistical analysis: *, P < 0.05; **, P < 0.005 (unpaired Student’s ¢ test) when comparing Glu chambers with control chambers.

cellular levels of calcium that activate signaling pathways tar-
geting the SRE or Ca/CRE promoter elements (4, 31). There-
fore, we analyzed the kinetics of CREB activation by
phosphorylation on Ser'?*?, since CREB can account for acti-
vation of c-fos via the Ca/CRE (40, 74, 75). As above, Western
blots representing striatal extracts prepared at various times of
glutamate application were incubated with an antibody which
specifically recognizes Ser'**-phosphorylated CREB. Levels of
phospho-CREB were detectable at Glul0 (Fig. 2D). Then
phospho-CREB gradually returned to basal levels between Glu
20+5 and Glu20+10 (Fig. 2D). Testing the same Western blot
with control CREB antibody showed the presence of compa-
rable levels of CREB in each lane (Fig. 2E). Quantitation (Fig.
2F) confirmed that the maximal activation of CREB occurred
at Glul0 (+120%; P < 0.005, unpaired Student’s ¢ test) and
then decreased to basal levels between Glu 20+5 and
Glu20+10.

Kinetics of MAPK cascade induction by glutamate. Elk-1
represents a convergence point for mammalian MAPK cas-
cades, since ERK, JNK, and p38™“PX can phosphorylate this
protein and drive Elk-1-dependent transcriptional activation in
transfection assays. It is unclear which of these cascades might
be important in signaling downstream of glutamate. Therefore,
we used Western blots of crude striatal extracts together with
antibodies directed against the activated forms of the two en-
zymes. ERKs are activated by MEK1 and MEK2 through dual
phosphorylation on Thr'®* and Tyr'®* of ERK2 and Thr**? and
Tyr*** of ERK1, while JNKs are activated by dual phosphor-
ylation on Thr'®* and Tyr'®>. Despite these similar activation
sites, antibodies directed against the dually phosphorylated
forms of ERKs and JNKs specifically recognize the appropri-
ate kinases due to the different neighboring amino acid se-
quences (Fig. 3 and supplier’s information).

With the phospho-ERK specific antibody, we detected sub-
stantial levels of phosphorylated p425R%? and p44ERK! ap-
pearing at GlulO with slight increases variably appearing at

later time points (Fig. 3A and B). The control Western blot
shows identical amounts of ERK1 and ERK?2 in all lanes (data
not shown).

JNK proteins are encoded by three different genes (JNKI,
JNK2, and JNK3), giving rise to alternatively spliced isoforms
(33). In vitro translation of these various isoforms encodes two
major proteins of 46 and 55 kDa. Incubation of the Western
blots with the phospho-JNK specific antibody shows that p46 is
activated with kinetics similar to those of ERKs whereas p55
phosphorylation seems to occur more slowly (Fig. 3C and D).
Similar levels of p46 and p55 were present at each time point
(data not shown). In some experiments, we also tested

38MAPK activation on glutamate stimulation with an anti-
active antibody (anti-phospho-Thr'8/Tyr'82.p38MAFK) - Wwe
found a slight and nonreproducible increase of p38™FT* phos-
phorylation in our model (data not shown).

Thus, glutamate treatment of striatal slices leads to strong
activation of both the ERK and JNK cascades, and either or
both could account for Elk-1 phosphorylation and c-fos acti-
vation.

Phosphorylation of Elk-1 and CREB is dependent on ERK
after glutamate stimulation. To identify the roles played by
these two MAPK cascades in Elk-1 phosphorylation, we tested
the effects of a specific inhibitor of the ERK cascade, the MEK
inhibitor PD98059 (16). Striatal slices were superfused with
this compound for 30 min prior to and during the glutamate
application. PD98059 did not affect the phosphorylation status
of MEKs at Glu20 (Fig. 4A and B), which is consistent with
previous observations that the inhibitor targets the catalytic
activity of MEK (16). Nevertheless, the inhibitor was effective,
since it completely blocked the phosphorylation and therefore
the activation of ERK1 and ERK2 (Fig. 4C and D). Full
inhibition was also observed at the different time points of
glutamate superfusion (data not shown). In direct contrast to
these results, PD98059 did not inhibit the activation of JNK
(data not shown).
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FIG. 4. The MEK inhibitor PD98059 abolishes ERK activation by glutamate. Striatal slices were treated with PD98059 (100 nM) for 30 min prior to and during
glutamate application (Glu10, Glu20, and Glu20+10). Shown are Western blots obtained with striatal slices (Glu 20") with anti-active antibodies (A and C) or antibodies
labeling the total proteins (B and D). Similar results were observed at the various time points (data not shown). Note that PD98059 treatment completely abolishes
ERK activation in the presence or absence of glutamate (C). Glutamate-induced activation of MEK (A) remained unchanged after PD98059 treatment. Total levels

of proteins remain unchanged whatever the treatment (B and D).

Given the specific inhibition of glutamate-induced ERK cas-
cade activation by PD98059 in our system, we then analyzed
the effect of ERK inhibition on Elk-1 phosphorylation. The
Western blots (Fig. 5A) and their quantitation (Fig. 5B) very
clearly show that PD98059 completely abolished the increase
in Elk-1 phosphorylation on Ser*®® after glutamate superfu-
sion. These data indicate that Elk-1 is targeted by ERK and not
JNK signaling pathways in our model.

Calcium-induced CREB phosphorylation classically de-
pends on the activation of the CaM-K signaling pathway. How-
ever, recent evidence showed that in neurotrophin-treated
PC12 cells or cortical neurons in culture, CREB phosphoryla-
tion can also occur via an ERK-dependent signaling pathway
targeting p90RS¥ proteins, which in turn can activate CREB
(22, 90). Thus, it seemed reasonable to postulate that gluta-
mate-induced CREB activation could occur, at least in part, via
an ERK/p90®¥ module. To address this question, we analyzed
the effect of PD98059 on CREB modification in our model.
Indeed, we found an inhibition of glutamate-induced CREB
phosphorylation on Ser'** at Glul0 and Glu20 (Fig. 5C and
D). At Glu20+10, levels of CREB phosphorylation by gluta-
mate were even lower than in control slices (Fig. 5D), a result
discussed below. In conclusion, CREB is also targeted by the
ERK cascade after glutamate receptor stimulation in striatal
slices.

PD98059 completely abolished glutamate-induced Elk-1 and
CREB phosphorylation. These data strongly suggested that
ERK signaling cascade played a key role in glutamate signaling
to c-fos. We thus analyzed c-Fos protein induction at Glu20
and Glu20+10, which represent the time points for Fos
induction in our model (Fig. 1A), in the presence or not of
PD98059. The Western blot (Fig. SE) shows a strong inhi-
bition of glutamate-induced c-Fos expression upon PD98059
treatment.

MEKI1 and B-Raf activation on glutamate stimulation. The
above data demonstrate that ERK plays a critical role in the
striatal response to glutamate. The components of the ERK
cascade are well defined in culture cell systems but less so in
semi-in vivo systems. The effect of PD98059 strongly indi-
cates that MEKI1 is the upstream activator of ERK in the
striatum. Nevertheless we investigated this cascade in more
detail by analyzing the kinetics of MEK and Raf activation

in the striatal slices by glutamate superfusion. Since ERK
was activated at Glul0, we began measuring these upstream
events at an earlier time point (Glu5). Western blots ob-
tained with an anti-active MEK1/2 antibody showed a stron-
ger signal at GlulO than at GluS. The signal persisted at
Glu20 and Glu20+5 (Fig. 6A). This reflected increased
MEK activation, since comparable levels of MEK were
present in each lane (Fig. 6B).

MEKI1 and MEK?2 are activated through phosphorylation by
kinases of the Raf family, serine/threonine kinases whose ac-
tivation is linked to the small GTP-binding proteins of the Ras
family (3, 41, 55). In the Raf protein kinase family, B-Raf is the
strongest MEK activator (41) and phosphorylates Ser*'® and
Ser?** residues of MEK proteins (61). Furthermore, B-Raf is
highly enriched in the brain and more particularly in the stri-
atum (5). Therefore, we purified B-Raf proteins by immuno-
precipitation (5) from striatal extracts prepared at various
times after glutamate superfusion. B-Raf showed increased
activity at Glul0 and Glu20, which then returned to basal
levels at Glu20+5 (Fig. 6C). Thus, there was a temporal cor-
respondence between the activity of B-Raf, MEK, and ERK,
suggesting that these are the components of the ERK cascade
induced by glutamate in the striatum.

CaM-Ks exert a positive control on the ERK signaling path-
way. ERK activation was linked to Ca*" influx into the cells,
since it was sensitive to chelation of extracellular Ca®** by
EGTA (data not shown). Well-characterized mediators of
Ca®" signaling events are the multifunctional CaM-K proteins.
They are implicated in transcriptional regulation, since Ca**-
dependent transcription of c-fos is blocked in PC12 cells by the
CaM-K inhibitor KN62 (20). CaM-KIV has been linked to
CREB phosphorylation on Ser'** (53, 78). However, both
CaM-KIV (21) and CaM-KII (57) have recently been de-
scribed to mediate Ca®*-induced ERK activation. Thus,
CREB phosphorylation might be due, in our model, to an
indirect effect of CaM-KII or CaM-KIV via the ERK path-
way.

To address this, KN62 (20 wM) was superfused for 30 min
prior to and during glutamate application. This compound is
competitive with calmodulin binding and inhibits both CaM-
KII (80) and CaM-KIV activity with similar 50% inhibitory
concentrations (19). With regard to CaM-KII, KN62 inhibits
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FIG. 5. PD98059 abolishes glutamate-induced Elk-1, CREB phosphorylation and c-Fos induction by glutamate. The phosphorylation of Elk-1 and CREB and the
induction of c-Fos proteins were studied by Western blotting of the same striatal extracts as used in the experiment in Fig. 4. For each time point, the efficacy of
glutamate superfusion was verified (data not shown). (A) Immunolabeling obtained with antiphospho-Ser**3-Elk-1 from striatal extracts activated by glutamate (Glu
10’, Glu 20’, and Glu 20+10") in presence of PD98059 (100 uM). (B) Densitometric measurements were performed in five independent experiments (representing 15
striatal slices) in the presence or absence of PD98059. They show a complete inhibition of glutamate-induced phosphorylation of Elk-1 after PD98059 treatment. (C)
Immunolabeling obtained with antiphospho-Ser'**~CREB from striatal extracts activated by glutamate (Glu 10", Glu 20’, Glu 20+10") in the presence of PD98059 (100
uM). (D) Densitometric measurements performed in five independent experiments (representing 15 striatal slices) show the complete inhibition of glutamate-induced
phosphorylation of CREB after PD98059 treatment at Glul0 and Glu20 and a decreased level of CREB phosphorylation at Glu20+10 compared to control slices.
Statistical analysis: *, P < 0.05; **, P < 0.005 (unpaired Student’s ¢ test) when comparing glutamate alone with control chambers; UJ, P < 0.005 when comparing

glutamate plus PD98059 with control chambers. (E) c-Fos protein expression was analyzed by Western blotting at Glu 20" and Glu 20+10" in the presence or absence

of PD98059.

both kinase activity and autophosphorylation on Thr?*¢ (80).
We thus tested for its efficacy by using an antiphospho-Thr**¢-
CaM-KII antibody. Figure 7A shows that glutamate induced
an increase of phospho-Thr***-CaM-KII signals as soon as
Glu10, which was blocked by KN62 treatment (20 nM).

We then analyzed the effect of KN62 on glutamate-induced
ERK activation. Western blots (Fig. 7B) and their quantitation
(Fig. 7C) clearly show that KN62 completely abolished the
increase in ERK1 and ERK2 phosphorylation and therefore
their activation by glutamate.

Given the role of KN62 in glutamate-induced ERK activity,
we then analyzed the effect of CaM-K inhibition on CREB
phosphorylation at Glul0. Consistent with the results above,
KN62 abolished glutamate-induced Ser'**-CREB phosphory-
lation (Fig. 8).

The fact that inhibiting CaM-K abrogates ERK activation
suggests that CaM-K plays a key role in transmitting a Ca*"
signal to the ERK signaling pathway.

DISCUSSION

In the CNS, glutamate receptor stimulation leads to in-
creases in intracellular calcium levels, which are critically in-
volved in gene regulation and long-term adaptive responses
implicated in synaptic plasticity (26, 30, 31, 73). We have de-
veloped this semi-in vivo system of striatal slices to dissect out
biochemical steps of early glutamate-induced signaling events
underlying c-fos gene regulation in this region of the brain. We
found a tight kinetic link between MAPK cascade induction,
phosphorylation of Elk-1, and the expression of c-fos mRNAs
upon treatment with glutamate. Although both ERK and JNK
cascades were induced, Elk-1 phosphorylation was blocked
with the specific MEK inhibitor PD98059, thus uncoupling its
activation from JNK signaling pathways. Interestingly, gluta-
mate-induced CREB phosphorylation, which classically de-
pends on CaM-K pathways (13, 74), was also blocked after
PDO98059 treatment. Instead, inhibition of CaM-K activity by
KNG62 abolished glutamate-induced ERK activation along with
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FIG. 6. Kinetics of MEK1 and B-Raf activation on glutamate stimulation of
striatal slices. (A) Western blot analysis of MEK1 and MEK2 phosphorylation
with a specific antiphospho-Ser?!’-Ser??! MEK1/2 antibody. This antibody
stained a single band (43 kDa) on immunoblots, consistent with the molecular
masses of the MEK1 and MEK2 proteins. (B) The same blot was stripped and
rehybridized with the antibody corresponding to the inactive MEK1 and MEK2
proteins. This step allowed us to detect the total amounts of MEK proteins in the
immunoblot. (C) B-Raf protein kinases were isolated by immunoprecipitation,
and B-Raf protein kinase activity was detected in the immune complex by using
[y-**P]ATP and the MEK-kinase dead (MEKKD) fusion protein as the sub-
strate. Note the increase of B-Raf activity at Glu 10" and Glu 20'.

TCF/EIk-1 (data not shown) and CREB phosphorylation. We
thus establish the first in vivo evidence that ERK is the prin-
cipal mediator of Ca®*-dependent c-fos induction via two dif-
ferent modules, (i) ERK/EIk-1 and (ii) ERK/?/CREB, a path-
way positively controlled by CaM-Ks.

Concomitant phosphorylation of Elk-1 and CREB coincides
with c-fos mRNA induction. Based on cell culture models with
a transiently introduced c-fos reporter gene, it appears that two
DNA regulatory elements are implicated in c-fos transcrip-
tional regulation by glutamate: the Ca/CRE and SRE sites (4).
We set out to determine the upstream events underlying c-fos
mRNA induction by glutamate in our semi-in vivo model,
starting at the level of modification of transcription factors
targeting these DNA regulatory elements, namely, Elk-1 and
CREB. Phosphorylation of both Elk-1 and CREB was slightly
detectable in control slices, a result consistent with the consti-
tutive expression of these activated proteins in immunocyto-
chemical studies (reference 71 and unpublished data). How-
ever, the phosphorylation of both transcription factors
increased within 10 min of glutamate application, which cor-
responds kinetically to the induction of c-fos mRNA and sub-
sequent appearance of c-Fos protein. The role of CREB phos-
phorylation in c-fos regulation by glutamate is now well
established (2, 31). Such a role for Elk-1 is still controversial.
Based on in vitro studies, the culture cell context and mode of
calcium entry determine whether Elk-1 can activate a tran-
siently introduced c-fos reporter gene (46, 54, 89). In our
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FIG. 7. Role of the CaM-K inhibitor KN62 in glutamate-induced ERK acti-
vation. Striatal slices were superfused with KN62 (20 uM) for 30 min prior to and
during glutamate application. (A) The efficacy of this compound was analyzed by
Western blotting with an antiphospho-Thr?**~-CaM-KII antibody. Note that
KN62 strongly decreases both basal levels and glutamate-induced phospho-
Thr?*¢-CaM-KII levels. (B) The same striatal extracts were analyzed with an
anti-active ERK antibody. Note the inhibition of glutamate-induced ERK acti-
vation by KN62. (C) Densitometric measurements were performed in three
independent experiments (representing nine striatal slices) in the presence or
absence of KN62 (for each experiment, the inhibition of CaM-K activity by KN62
was verified as specified for panel A). Statistical analysis: *, P < 0.05; **, P <
0.005 (unpaired Student’s ¢ test) when comparing glutamate alone with control
chambers.

model with striatal slices, i.e., the whole-neuron context, it
appears that Elk-1 is phosphorylated on glutamate receptor
stimulation and is thus a good candidate for activating the SRE
site. The concomitant activation of CREB and Elk-1, together
with the induction of c-fos mRNA at early time points, is
consistent with the results of an elegant study showing that the
entire gamut of c-fos regulatory sequences is required for its
expression in various tissues, particularly the CNS (67). In cell
culture systems, the phosphorylation of CREB or Elk-1
strongly increases transactivation via interactions with the co-
activator CREB-binding protein (43, 49), which facilitates
much more efficient transcription through multiple contacts
with the basal transcriptional machinery. Our data would be
consistent with a similar mechanism occurring in organized
neuronal circuits. The cooperative effect of glutamate-driven
phosphorylation of multiple protein-DNA complexes bound to
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extracts as used in the experiment in Fig. 7. (B) Densitometric measurements
were performed in three independent experiments (representing nine striatal
slices) in the presence or absence of KN62. Statistical analysis: *, P < 0.05
(unpaired Student’s ¢ test) when comparing glutamate alone with control cham-
bers.

the promoter (35) ensure recruitment of the coactivator. It will
be exciting to test this model in the appropriate mutant con-
texts.

By extrapolation from culture cell systems, the decrease in
the level of c-fos mRNA probably reflects the postinduction
repression of the c-fos promoter (1). We note that CREB
phosphorylation also diminishes at this point while hyperphos-
phorylated Elk-1 persists. This would appear to uncouple the
dephosphorylation of Elk-1 from c-fos transcription repres-
sion, while suggesting that CREB dephosphorylation may play
a role in this still-uncharacterized process. In addition, it is
possible that glutamate-induced Elk-1 phosphorylation ob-
served at a late time point is a determinant for genes contain-
ing SRE but not CRE sites in their promoters (84).

The ERK module mediates glutamate signaling to Elk-1
independently of JNK. Both ERK and JNK were activated with
similar kinetics by glutamate in the striatal slices. The tight
temporal correlation between these kinetics and that of phos-
phorylation of Elk-1 indicates that either one or both could
transduce the signal to the SRE site of the c-fos promoter.
However, experiments with the MEK inhibitor clearly showed
an uncoupling of Elk-1 phosphorylation from JNK activation,
a result in agreement with data showing that glutamate-in-
duced c-fos expression is maintained in JNK3 knockout mice
(91). In culture cells, the ERK cascade is strongly activated by
proliferative signals (70) and the JNK cascade is activated by a
wide variety of stresses (15, 47). More relevant to our system,
withdrawal of nerve growth factor from neuronally differenti-
ated PC12 cells leads to apoptosis, which is preceded by a
decrease of ERK activity and an increase of JNK activity (88).
These results suggest that ERK and JNK have different and
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possibly opposing functions in culture cell systems. In the CNS,
glutamate receptor stimulation can activate both ERK (23, 48)
and JNK (69) signaling pathways. While ERK appears to play
a critical role in intracellular mechanisms leading to long-term
plasticity, as has been shown in the rat hippocampus (17, 18),
JNK proteins show a high constitutive activity in the brain, and
one isoform, JNK-3, is critically involved in glutamate-induced
excitotoxicity in the hippocampus (91). Perhaps these two
MAPK pathways play complementary roles in glutamate-sig-
naling in the striatum via different components of the tran-
scription factor AP1.

The ERK cascade plays a primary role in glutamate signal-
ing to c-fos. The different kinetics of Elk-1 and CREB phos-
phorylation observed in the present work suggest that these
transcription factors are targeted by distinct signaling path-
ways. However, the strong reduction of Elk-1 and CREB upon
inhibition of ERK induction, after PD98059 superfusion, indi-
cates that they are both targeted by the ERK signaling path-
way. This reduction was associated with decreased levels of
c-Fos expression, indicating that ERK plays a primary role in
glutamate signaling to c-Fos in our model. Elk-1 is well docu-
mented to be a major nuclear substrate of the MAPK cascades,
and Elk-1 phosphorylation strictly followed ERK activation in
our model. In the case of CREB, CaM-KIV but not CaM-KII
can activate transcription though the direct phosphorylation of
CREB (53, 78). Activation of CaM-KIV can occur, depending
on the cell line model, after nuclear translocation of Ca** (34
or calmodulin (14). However, MAPKs of ERK and p38™4F
subclasses can also target CREB on cell culture models via
intermediate kinases: p90RS¥ for ERK activation (22, 90) and
MAPK-activated protein kinase 2 (79) for p38M4FX, The re-
duction of CREB phosphorylation observed after PD98059
superfusion in the present study indicates that glutamate-in-
duced CREB phosphorylation results from ERK activation of
p90RSK, In this scenario, the decrease in CREB phosphoryla-
tion in the presence of increasing ERK activity would suggest
the activation of a CREB-specific phosphatase activity. Such
activation of phosphatase could also explain the strong dephos-
phorylation of CREB observed at late time points after
PD98059. In fact, steady-state levels of activated transcription
factors depend critically on the dynamics of their phosphory-
lation and dephosphorylation. One candidate for CREB de-
phosphorylation is protein phosphate PP-1, which is activated
in a calcium-dependent manner (8).

CaM-Ks act as positive regulators of the ERK signaling
cascade. ERK activation in this study was linked to glutamate-
induced Ca®* influx into neurons, as indicated by its sensitivity
to EGTA treatment. A key intermediate downstream of the
glutamate receptor stimulation appears to be the Ca**-depen-
dent activation of the nonreceptor tyrosine kinase pp125FAK
or PYK2 (50, 77), which in turn can activate the Ras/Raf/
MEK/ERK pathway (50) (Fig. 9). Increases in intracellular
Ca®" levels can also modate CaM-K activity. While CaM-Ks
can directly target c-fos regulatory factors, recent evidence
suggests that CaM-Ks can also mediate MAPK induction.
Transient transfection of constitutively activated forms of
CaM-KIV or CaM-K kinase into PC12 cells induced all three
MAPKs (21). Similarly, CaM-KII has been associated with
ERK activation in rabbit aortic smooth muscle cells (57). In
the brain, both CaM-KII and CaM-KIV are strongly expressed,
and either of them could be responsible for the effect we
observed after superfusion of the CaM-K inhibitor, KN62.
Since B-Raf and MEK were activated by glutamate and since
transcription induction of c-fos was sensitive to PD98059, these
data suggest that CaM-Ks lie upstream of ERK (Fig. 9), and it
will be interesting to determine the mechanisms by which these
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two signaling mediators are linked. In this context, it is inter-
esting that the components of the ERK machinery, including
B-Raf (56) and MEK and ERK proteins (24, 60), are enriched
in the dendritic processes of striatal neuronal cells, where
glutamate receptors are localized (6). While CaM-KII is also
enriched in these cytoplasmic compartments (25), Cam-KIV is
expressed exclusively in the nucleus (8). Thus, we propose that
calcium entry into neurons produces, locally near the gluta-
mate receptor, activation of CaM-KII, which can in turn reg-
ulate the ERK signaling pathway (57). This pathway appears to
be linked to c-fos induction, via two different modules: ERK/
Elk-1 and ERK/?/CREB, as demonstrated after PD98059
treatment. The link between ERK and CREB activation could
be the cytoplasmic substrate of ERK, p90RSK, which in turn
could translocate to the nucleus (11) to activate CREB. The
concomitant activation of both transcription factors at early
time points could be the initial event in c-fos transcriptional
regulation via CREB-binding protein (43, 49).

In conclusion, our data provide new insights into mecha-
nisms that can account for the integration of different intra-
cellular signaling pathways to yield distinct biological re-
sponses. In particular, they support the idea of a crucial role of
calcium signaling to ERK signaling modules in gene regulation
underlying long-term potentiation in the striatum (10).
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